Introduction
The problem of the interaction of excess electrons with polar molecules has a long and fascinating history. Within the context of the Born-Oppenheimer (BO) approximation, there is a critical dipole moment of 1.625 D for binding an excess electron in a dipole field, giving a so-called dipole-bound anion. [1] [2] [3] [4] When corrections to the BO approximation are included, the critical moment becomes dependent on the moments of inertia, but as a rule-of-thumb it is increased to about 2.4 D. 5, 6 For molecules with dipole moments appreciably greater than this, corrections to the BO approximation cease to be important (at least for the ground electronic state).
The orbital occupied by the excess electron in a dipole-bound anion has very little charge density in the molecular region. As a result, it was long believed that electron correlation effects do not play an important role in the excess electron binding. However, in recent years it has been shown that dispersion interactions between the excess electron and the electrons of the polar molecule are important, causing, in general, a large increase in the magnitude of the electron binding energy and contraction of the wavefunction. [7] [8] [9] [10] To accurately describe the binding energy of the excess electron using traditional ab initio electronic structure methods requires the use of large, flexible basis sets and inclusion of electron correlation effects to high order. [7] [8] [9] [10] [11] To date most of the theoretical investigations of dipole-bound anions have focused on the calculation of the binding energies. Surprisingly little theoretical work has been done on the photodetachment cross sections even though they are accessible experimentally. Calculations of photodetachment cross sections of dipole-bound anions are especially challenging given the need to accurately characterize both the bound state and continuum wavefunctions.
Recently, Wang and Jordan introduced a Drude model approach permitting the dispersion interactions between the excess electron and the neutral polar molecule to be recovered within a one-electron framework and showed that this approach accurately describes the binding of the excess electron in dipole-bound anions. [9] [10] [11] In the present study we extend the Drude model to the calculation of the continuum wavefunctions and photodetachment cross sections of dipole-bound electrons, applying the formalism to HCN -and HNC -.
Theoretical Background

Bound and continuum states of the excess electron
The starting point for the present study is the assumption that the molecular dipole moments are sufficiently large so that corrections to the BO approximation can be 
where the individual terms are defined as 
Eq. 6 admits an infinity of bound states for molecules with dipole moments µ > 1.625 D.
However, given the small (≈ 3.1 D) dipole moments of HCN and HNC, only the lowest of these would persist were corrections to the BO approximation included. 5, 6 The continuum wavefunctions are constructed so as to satisfy the generalized orthogonality
where ξ is an index used to distinguish the various linearly independent continuum functions of energy E. 13 
Photodetachment cross section
For weak field intensities, the expression for the photodetachment cross section takes the form (8) where the transition moment operator d(r, R) depends on the coordinates of both the excess electron and the Drude oscillator, β is the dimensionless fine structure constant,
.
ψ Eξ is a wavefunction associated with a continuum state, and ψ b and E b are, respectively, the wavefunction and energy associated with the most stable bound state of the excess electron. 14, 15 Integration in Eq. 8 is over both r and R. Table I Two different sets of calculations were performed for each dipole-bound anion.
Pseudopotentials
The first is in the spirit of the Koopmans' theorem (KT) approximation 16 and neglects the coupling of the excess electron with the Drude oscillator, while the second adopts a configuration interaction (CI) approach to calculate the energy of the electron-Drude oscillator system. The CI calculations allow for correlation effects via inclusion of configurations involving simultaneous excitation of the dipole-bound electron and the Drude oscillator.
The methodology for calculating the energies within the framework of the pseudopotential model is given in Section 3.1. The pseudopotentials were adopted from Ref. 9 . Here we note that the electrostatic part of the pseudopotential was represented by three atom-centered point charges. For the KT calculations these were chosen so as to reproduce the ab intitio Hartree-Fock dipole moment, and for the CI calculations the charges were chosen so as to reproduce the ab initio CCSD(T) dipole moment (see Table   I ) of the molecule of interest.
The repulsive potentials used in the pseudopotential calculations were chosen so that the resulting electron binding energies calculated using the KT-like procedure approximately reproduced the ab initio KT values. In addition, the parameter b in the damping factor in the coupling term, was chosen for each system so that the binding energy from the CI-level model potential calculations reproduces the ab initio CCSDT result (see Table I ). 
Computational methodology
Close-coupling approach
Numerical solution of the Schrodinger equation (5) is based on a wavefunction expansion employing products of electronic and Drude oscillator functions:
where F sv (r) and Y s (θ,φ) are, respectively, the radial functions and spherical harmonics used to describe the excess electron, and the Ξ v (R) are eigenfunctions associated with the Drude oscillator. s is a collective index for both the l s and m s quantum numbers. For the KT-like calculations only the lowest energy Drude oscillator function, Ξ o , is retained, so that the excess electron and the Drude oscillator are uncorrelated. In the CI treatment, the lowest excited states in each of the X, Y, and Z degrees of freedom are also included for the Drude oscillator. Using the expansion in Eq. 9, the eigenvalue problem is transformed to a system of coupled second-order differential equations for the radial functions
where (11) For the bound states the system of equations is solved subject to the boundary conditions that F → 0 in the r → 0 and r → ∞ limits. For the continuum states F → 0 in the r → 0 limit, whereas the procedure described in Ref.
13 is used to deal with the boundary condition on F in the r → ∞ limit.
The matrix elements contributing to the photodetachment cross section may be expressed as (12) with ( 
The r-adiabatic treatment
In addition to the numerically exact solution of the Schrodinger equation (5) to obtain a set of effective r-adiabatic potentials w sv (r). As a second step this transformation was applied to the original coupled channel problem (10), neglecting all non-adiabatic coupling terms arising from the non-commutation of the operators U and (d 2 /dr 2 ). This procedure leads to a system of uncoupled one-dimensional radial equations
The overall wavefunctions are (16) with the adiabatic basis functions how useful the adiabatic model will be for an excess electron bound in a dipole field. As will be demonstrated below, this approximation works surprisingly well.
Expansion in spherical harmonics and grids
Our test calculations indicated that convergence of the excess electron binding energies of the HCN -and HNC -species was achieved for l max = 5 and |m| max = 1. The truncated system of coupled equations was solved numerically on an equidistant radial grid, using the renormalized Numerov method of Johnson. 17 The increment of the radial grid was taken to be 0.05 bohr, and integration was carried out from zero to r max ranging from 500 to 2000 bohr, depending on the degree of delocalization of the bound state wavefunction. The matrix elements (Eqs. 11 and 13) were simplified by analytical integration over R. The remaining two-dimensional integration was carried out numerically via a Gauss-Legendre quadrature scheme, using about 50 mesh points for the θ variable and 100 mesh points for the φ variable. The one-dimensional integrals from Eq. (12) were evaluated by summations over the radial grid points.
Results and discussion
Bound states of the excess electron
By design, the model potentials, solved using the full 3D close coupling approach,
give nearly the same electron binding energies at both the KT and CI levels of theory as The electron binding energies obtained from both the full 3D treatment as well as the r-adiabatic approximation to the one-electron Drude model are also included in Table   I . The r-adiabatic approximation leads to an overestimation of the magnitude of the electron binding energies, with the overestimation being less than 5% at the KT level and 28 -38% at the CI level. Fig. 1 shows radial distributions of the excess electron of HNC -as described by the one-electron Drude model at both the KT and CI levels of theory, and calculated using the full 3D treatment as well as in the r-adiabatic approximation. As noted in previous studies, 9-11 the inclusion of correlation effects causes a significant contraction of the excess electron wavefunction. As will be seen below, this, in turn, is responsible for the reduction of the photodetachment cross section. In the KT approximation the wavefunctions obtained from the r-adiabatic and full 3D treatments are nearly identical. However, incorporation of correlation effects leads to a greater contraction of the wavefunction in the r-adiabatic than in the full 3D calculations.
Nonetheless, the contraction of the wavefunction brought about by inclusion of correlation effects is far greater than that resulting from use of the r-adiabatic approximation.
Photodetachment cross sections
The dipole moment operator d, depends on the charges associated with the Drude oscillator as well as on the charge distribution of the excess electron. However, our test calculations reveal that the transition moment integrals for HCN -and HNC -are almost entirely determined (i.e., to 99%) by the portion of the dipole operator associated with the excess electron. Thus, while correlation effects between the excess electron and the electrons of the neutral molecule are very important for the shape of the bound state wavefunction as well as for the near threshold continuum functions, photodetachment is essentially a one-electron process. 18, 19 and it is planned to extend our approach to these species.
Conclusion
The 
